The tricarboxylate transporter was solubilized from pea (Pisum sativum) mitochondria with Triton X-1 14, partially purified over a hydroxylapatite column, and reconstituted in phospholipid vesicles.
olpyruvate did not. This tricarboxylate transporter differed from the equivalent activity from animal tissues in that it did not transport isocitrate and phosphoenolpyruvate. In addition, tricarboxylate transport in isolated plant mitochondria, as well as that measured with the partially purified and reconstituted transporter, was less active than the transporter isolated from animal tissues.
The inner membrane of mitochondria must serve two very divergent functions. It must maintain the ion gradients that are essential intermediates between electron transport and ATP synthesis, and it must at the same time allow for rapid equilibrium of substrates between the cytosol and the mitochondrial matrix. This problem is solved by a family of transporters that allow the rapid exchange of adenylates, phosphate, and organic and amino acids across the membrane. These include an adenylate exchanger, a phosphate/ OH-antiport, a pyruvate/OH-antiport, the dicarboxylate transporter that exchanges dicarboxylates and phosphate, and a tricarboxylate transporter that will exchange dicarboxylates and tricarboxylates. These transporters or carriers have been biochemically distinguished by their substrate and inhibitor specificities (7, 9, 17, 30) .
Although mitochondrial transporters are found in both plants and animals, there are some differences in the types of transporters present. Plant leaf mitochondria, for example, rapidly exchange glycine and L-senne to support the photorespiratory conversion of glycine to seine (19, 27) . Plant mitochondria also contain a unique oxaloacetate transporter that interacts with NAD+-dependent malate dehydrogenase in the cytosol and matrix to shuttle reducing equivalents across the inner mitochondrial membrane (20) .
The adenylate and phosphate transporters have been isolated, purified, and sequenced (1) . A gene for the adenylate transporter has been isolated from corn (28) and the clone for the phosphate transporter has been obtained from Arabidopsis (our unpublished data). Several organic acid transporters have been solubilized from mitoplasts, partially purified, and incorporated into liposomes. The monocarboxylate, dicarboxylate (24) , glutamate/aspartate (25) , and aketoglutarate (10) transporters have been isolated from plant mitochondria and incorporated into proteoliposomes for detailed study. However, sequence information for the organic acid transporters is not yet available from either plants or animals.
The tricarboxylate transporter from animal mitochondria has been studied in considerable detail (6, 16, (21) (22) (23) . This transporter from rat (4) and bovine (6) mitochondria has been isolated and purified 1000-and 400-fold, respectively. The preparation from rat liver showed a protein with an apparent molecular mass of 30 kD, whereas the preparation from bovine liver had a predominant 37-to 38-kD protein on SDS-PAGE gels. No conclusive proof is available that either band is the mammalian tricarboxylate transporter. Both transporters exchanged citrate, isocitrate, malate, malonate, and phosphoenolpyruvate. In this paper, we report the solubilization, partial purification, reconstitution, and analysis of the tricarboxylate transporter from pea (Pisum sativum L.) mitochondria. Immediately prior to the assay, the proteoliposomes were thawed for 15 min in a room-temperature water bath, cooled on ice for 5 min, and then sonicated with a probe sonicator. Proteoliposomes were allowed to stand at room temperature for 5 min and chromatographed on a 5-cm Dowex 1X8 Pasteur pipet column and eluted with buffer C. The opalescent fraction (1.2 mL) was collected and assayed for transport activity.
MATERIALS AND METHODS

Assay of Tricarboxylate Transporter Activity
A 300-FL sample of proteoliposomes was incubated for 5 min at room temperature before the addition of 20 uL of either buffer C (control) or the transport inhibitor (n-butylmalonate or 1,2,3-benzenetricarboxylate as indicated) in buffer C. After 2 min, the transport reaction was started by the addition of 20 ,uL of 20 mm citrate (0.5 gCi). After the desired time, 160,uL of the reaction was removed and added to 340 ,L of ice-cold 20 mm inhibitor and the reaction chromatographed on a 0.5 x 5.0 cm Dowex 1X8 column equilibrated with buffer C to remove unincorporated isotope (4 with the crude Triton X-114 extract, the flow-through from the hydroxylapatite column apparently contained all of the transporter activity but only 0.19% of the initial protein (Table I) . This 500-fold purified fraction was used for characterizing the tricarboxylate transporter. Figure 1 shows the purification of the transporter-enriched fraction from Percoll-purified pea mitochondria. Some purification occurred during the isolation of the membrane fraction and the solubilization with Triton X-1 14. The significant purification, however, resulted when the crude Triton extract was passed over the hydroxylapatite column. The flowthrough from this column contained the tricarboxylate transporter activity. On SDS-PAGE, this fraction revealed a minimum of 10 bands. The two major bands at 33.5 and 35 kD are traditionally identified as transporters based largely on the size of the adenylate and phosphate transporters. After acetone precipitation, there are three additional bands at 13, 13.5, and 14 kD (the last is the H-protein of glycine decarboxylase).
One of the difficulties encountered when working with tricarboxylate transport in plant mitochondria is that 1,2,3- Figure 2 shows the time course for n-butylmalonate-and 1,2,3-benzenetricarboxylate-sensitive citrate/citrate exchange by proteoliposomes reconstituted with the transporter-enriched fraction. Both inhibitor-stop reagents gave very similar results when present at 20 mm. Because both inhibitors gave the same results and n-butylmalonate was more straightforward to work with, it was used as the inhibitor-stop reagent for the remaining experiments. Citrate/citrate exchange was linear for 6 min.
The n-butylmalonate-sensitive citrate/citrate exchange showed saturation kinetics (Fig. 3) ownw.
-,,f Alm, system (Table II) . n-Butylmalonate, the sulfhydryl reagent pchloromercuribenzoate, 1,2,3-benzenetricarboxylate, and the arginine reagent p-hydroxyglyoxal inhibited [14C]citrate uptake completely. Partial inhibition was noted with high concentrations of pyridoxal 5-phosphate, a reagent that reacts with lysine residues, and a-cyano-4-hydroxycinnamate, a sulfhydryl reagent that usually inhibits the monocarboxylate transporter at low concentrations but apparently shows lower specificity at the high concentrations used in this study. These results are very similar to those reported for mammalian mitochondrial transport (4, 6).
External succinate and malate inhibited citrate/citrate exchange (Table II) . Malate and malonate included inside the proteoliposomes were capable of exchanging for external
[14C]citrate (Table III) . This suggests that citrate will exchange for these dicarboxylic acids on the tricarboxylate transporter.
Pyruvate, a-ketoglutarate, phosphate, and ATP, substrates specific for the monocarboxylate, a-ketoglutarate, dicarboxylate, and adenylate transporters, respectively, had no effect on the rate of citrate/citrate exchange. These observations agree with the information available on the tricarboxylate transporter from animal tissues (17, 22, 23) .
Curiously, when malonate was provided outside during citrate/citrate exchange, it doubled the rate of citrate uptake, which might indicate that malonate is imported by a separate transporter in the system and is then exchanged with extemal citrate. Altematively, the malonate might be binding to a citrate transporter, thereby activating it. The structural simi- (Table III) . Similarly, phosphoenolpyruvate did not compete with the citrate/citrate exchange reaction. Tricarboxylate transport in plant mitochondria is not well understood. To date, three mechanisms have been postulated for citrate transport into plant mitochondria. These are (a) a proton/citrate symport with maximal activity at pH 4.5 (2, 3); (b) a direct citrate/phosphate antiport in com and beetroot (15, 29) ; and (c) the classic tricarboxylate transporter (8, 12) . All of these transporters have low rates of citrate transport measured between 5 and 20 nmol mg-' protein min-', which is substantially lower than the rates of citrate uptake and metabolism that can exceed 120 nmol mg-' protein min-' in potato mitochondria (11) 
CONCLUSIONS
